Phosphatases are involved in bone and tooth mineralization, but their mechanisms of action are not completely understood. Tissue-nonspecific alkaline phosphatase (TNAP, ALPL) regulates inhibitory extracellular pyrophosphate through its pyrophosphatase activity to control mineral propagation in the matrix; mice without TNAP lack acellular cementum, and have mineralization defects in dentin, enamel, and bone. PHOSPHO1 is a phosphatase found within membrane-bounded matrix vesicles in mineralized tissues, and double ablation of Alpl and Phospho1 in mice leads to a complete absence of skeletal mineralization. Here, we describe mineralization abnormalities in the teeth of Phospho1 -/mice, and in compound knockout mice lacking Phospho1 and one allele of Alpl (Phospho1 -/-;Alpl +/-). In wildtype mice, PHOSPHO1 and TNAP co-localized to odontoblasts at early stages of dentinogenesis, coincident with the early mineralization of mantle dentin. In Phospho1 knockout mice, radiography, micro-computed tomography, histology, and transmission electron microscopy all demonstrated mineralization abnormalities of incisor dentin, with the most remarkable findings being reduced overall mineralization coincident with decreased matrix vesicle mineralization in the Phospho1 -/mice, and the almost complete absence of matrix vesicles in the Phospho1 -/-;Alpl +/mice, whose incisors showed a further reduction in mineralization. Results from this study support prominent non-redundant roles for both PHOSPHO1 and TNAP in dentin mineralization.
M ineralization in bones and teeth depends on systemic homeostasis of calcium and phosphate mineral ions, a suitable extracellular matrix protein scaffold, and the absence (and/or removal) of mineralization inhibitors (Murshed et al., 2004) . Also involved, and particularly relevant to the early stages of tooth dentin and cartilage mineralization, are matrix vesicles (MVs) . MVs are extracellular, nanometer-sized (~200 nm) membrane-invested bodies released from odontoblasts, osteoblasts, and chondroblasts/cytes that ultimately contain a precipitated carbonate-substituted hydroxyapatitic mineral phase (Anderson, 1969; Bernard, 1972; Eisenmann and Glick, 1972; Katchburian, 1973; Bonucci, 1984; Register et al., 1986) . Following deposition of mineral within MVs, membrane rupture exposes the growing crystals to the extracellular matrix microenvironment, and other mineralization determinants are then thought to regulate the further growth of the crystals.
Phosphatases are clearly implicated in the mineralization process of bones and teeth, but their identities and functions remain unclear. Among these phosphatases, tissue-nonspecific alkaline phosphatase (TNAP, ALPL) is the bestcharacterized enzyme (Millan, 2006) , promoting mineralization by restricting concentrations of mineralization-inhibiting pyrophosphate (PP i ) (Majeska and Wuthier, 1975; Meyer, 1984; Johnson et al., 2000; Hessle et al., 2002; Murshed et al., 2005) . The loss of TNAP pyrophosphatase function results in the accumulation of PP i in skeletal and dental tissues, leading to hypophosphatasia (HPP), characterized by rickets, osteomalacia, and, in odontohypophosphatasia, the premature loss of fully rooted teeth (Whyte, 2001) . Mice lacking the TNAP gene (Alpl -/-) phenocopy the infantile form of HPP (Narisawa et al., 1997; Fedde et al., 1999) . In Alpl -/mice, a mineralized skeleton is present at birth, but by post-natal days 6 to 10 there is generalized hypomineralization of the skeleton, with death by day 20. This is proposed to occur because of a block in the propagation of mineralization beyond the sheltered confines of the MV, attributable to accumulated levels of PP i in the extracellular matrix resulting from lack of TNAP pyrophosphatase function (Anderson et al., 1997 (Anderson et al., , 2004 Hessle et al., 2002; Millan, 2006) . Indeed, MVs in both HPP patients and in Alpl -/mice contain mineral crystals and thus retain the ability to initiate intravesicular mineralization in the absence of TNAP function (Anderson et al., 1997 (Anderson et al., , 2004 . These findings demonstrate that TNAP is not essential for the early stage of MV-mediated mineralization and suggest that other phosphatases may be involved.
Recent studies have implicated the enzyme PHOSPHO1 (phosphatase orphan 1, phosphoethanolamine/phosphocholine phosphatase) as being an important contributor to skeletal mineralization. PHOSPHO1 is an intravesicular phosphatase releasing phosphate from membrane-associated phosphoethanolamine and phosphocholine as part of an initial step in the process of MV-mediated mineralization (Roberts et al., 2004 (Roberts et al., , 2007 Macrae et al., 2010) . Definitive evidence of a role for PHOSPHO1 in skeletal mineralization was confirmed by comparison of the bone phenotypes of Phospho1 -/-;Alpl -/and Phospho1 -/-;Alpl +/mice (Yadav et al., 2011) . Whereas the Alpl -/and Phospho1 -/individual knockout mice display hypomineralization of the skeleton, the double ablation of PHOSPHO1 and TNAP leads to a complete absence of skeletal mineralization and embryonic lethality, indicating independent, non-redundant mechanisms of action for both phosphatases in mineralization.
Of note from previous studies (Yadav et al., 2011) was the observation that Phospho1 -/mice were small. Metabolic studies suggested that reduced food and water consumption could be a contributing factor, and there was less visual evidence of foodpellet chewing in the mice lacking PHOSPHO1, consistent with the possibility of hypomineralized teeth and jaws. These observations, along with fundamental observations made previously on skeletal MV function in these mice and on the known importance of MVs in initiating mantle dentin mineralization (Bonucci, 1984; Ciancaglini et al., 2010) , led us to examine early stages of dentinogenesis in homozygous mice lacking PHOSPHO1 and in heterozygous mice lacking PHOSPHO1 and having only one allele of TNAP. Results from the present study support prominent roles for both PHOSPHO1 and TNAP in the mineralization of tooth dentin.
MAtErIALs & MEthODs
Mice PHOSPHO1-R74X-null (Phospho1 -/-) mutant mice were generated by N-ethyl-N-nitrosourea (ENU) mutagenesis as previously described (Yadav et al., 2011) , as were the TNAP-null (Alpl -/-) mice (Narisawa et al., 1997) ; mice were hybrids of C57Bl/6X129J mouse strains. Phospho1 -/mice were crossbred with Alpl -/mice to generate compound Phospho1 -/-;Alpl +/mice. Animal studies were conducted with approval from the Institutional Animal Care and Use Committee at Sanford-Burnham Medical Research Institute, accredited by AAALAC International (Multiple Project Assurance A3053-1). radiography Radiographic images were taken under identical conditions for all mice by means of a Faxitron MX-20 (Faxitron X-ray Corporation, Wheeling, IL, USA). Digital images were recorded at 26 kV and 0.3 mA over a five-second exposure.
Micro-computed tomography
Micro-computed tomography (Skyscan model 1072, Kontich, Belgium) of mandibles was performed for each genotype with an x-ray source operated at a power of 45 kv and at 222 µA, and x-ray sections covering a thickness of 124 µm in the longitudinal plane of the mesial root of the first and second molars, together with the underlying incisor and surrounding alveolar bone, were reconstructed with Skyscan tomography software (Skyscan).
Immunohistochemistry
Mandibles and maxillae from 18-day-old embryonic (E18) and four-day-old post-natal (P4) CD1 mice were immersion-fixed overnight in Bouin's solution, decalcified, and prepared for paraffin histology as previously described (Foster et al., 2013) . Immunohistochemistry for PHOSPHO1 and TNAP on serial sections followed overnight incubation in 8.0 M guanidine HCl (pH 8.0). Primary antibodies were monoclonal human anti-PHOSPHO1 (recombinant Fab, AbD Serotec, MorphosysAG, Martinsried/ Planegg, Germany) and monoclonal rat anti-human ALPL/TNAP (R&D Systems, Minneapolis, MN, USA), followed by biotinylated secondary antibodies (Vectastain Elite ABC, Vector Labs, Burlingame, CA, USA). Red color reactions were obtained with 3-amino-9-ethylcarbazole (AEC; substrate kit, Vector Labs).
Light and Electron Microscopy
Immersion-fixed (1% glutaraldehyde plus 4% paraformaldehyde, 0.1 M sodium cacodylate buffer, pH 7.3), ethanoldehydrated, and Epon-embedded undecalcified mandibles from P10 mice were sectioned at the level of the first molar or second molar, together with the underlying incisor and surrounding alveolar bone. Thin sections (1 μm) were stained for mineral with 3% silver nitrate (von Kossa reagent); counterstaining was with toluidine blue. Frontal sections at the same level of the most mesial root of the first molar provided longitudinally sectioned molar and cross-sectioned incisor (with alveolar bone) image planes for comparative histological analyses. Ultrastructural observations were made by transmission electron microscopy (TEM; FEI Technai 12, Hillsboro, OR, USA). TEM energy-dispersive x-ray spectroscopy and selected-area electron diffraction were used for elemental analysis and mineral phase identification, respectively.
rEsuLts coincident Expression of phOsphO1 and tnAp during Odontogenesis
Immunohistochemical staining for PHOSPHO1 and TNAP in serial sections provided comparative spatiotemporal mapping of these 2 proteins in normal developing mouse molars, incisors, and alveolar bone. In E18 mice, PHOSPHO1 ( Fig. 1A) and TNAP ( Fig. 1B ) both localized to osteoblasts at forming bone surfaces, consistent with previous reports for other skeletal sites (Houston et al., 2004; Roberts et al., 2007) . For teeth, at this early bell stage prior to mineralization, PHOSPHO1 was not detected in the molar, whereas TNAP was more widely expressed in osteoblasts as well as in some portions of the enamel organ. At the later P4 stage of development, PHOSPHO1 (Figs. 1C, 1E) and TNAP (Figs. 1D, 1F) again localized to osteoblasts and to odontoblasts, coinciding with differentiation of these cells and the appearance of the initial layer of mantle dentin (Figs. 1E, 1F) . While TNAP strongly stained the entire odontoblast layer of the developing molar, the strongest staining for PHOSPHO1 was in newly differentiated odontoblasts as compared with the weaker staining of older odontoblasts found more occlusally. PHOSPHO1 immunostaining was also found in ameloblasts throughout crown formation, whereas TNAP was expressed in ameloblasts only at certain stages of amelogenesis (Yadav et al., 2012) . Localization patterns for PHOSPHO1 and TNAP in the incisor paralleled those of the molar, namely, showing consistent staining of odontoblasts in mineralizing regions (Figs. 1G, 1H ). Additional PHOSPHO1 immunohistochemistry at different ages is shown in Appendix Fig. 1. reduced Dentin Mineralization in Phospho1 -/and Phospho1 -/-;Alpl +/-Mice Radiography, histology, and microcomputed tomography of mandibles from P10 wild-type mice showed wellmineralized bones and teeth at the level of the first and second molars ( Figs. 2A-2F ). Similar analyses at these identical sites in Phospho1 -/mice (Figs. 2G-2L) showed reduced mineralization of alveolar bone (Fig. 2H ) and incisor dentin (Fig. 2K, 2L ). This reduction was even more pronounced with the deletion of one TNAP allele in the Phospho1 -/background (i.e., the Phospho1 -/-;Alpl +/mice) (Figs. 2M-2R), in which osteoidosis in the bone was readily apparent (Fig. 2N ) and the mineralization defect in the incisor ( Fig. 2O-R) extended occlusally beyond the second molar and into the level of the first molar.
Quantitative micro-computed tomography mineralization data are given for incisors in Appendix Fig. 2 , where highly statistically significant differences in mineralization were observed in all mice, with Phospho1 -/-;Alpl +/mice showing the greatest reduction in incisor mineralization. Molar development and mineralization for both Phospho1 -/and Phospho1 -/-; Alpl +/mice seemed largely unaffected. At the early bell stage at embryonic age E18, prior to mineralization, PHOSPHO1 is not detected in the molar, but strongly localizes to mandibular bone, especially on actively forming surfaces (inset). (b) At E18, TNAP is more widely localized to developing bone (inset) and some regions of the molar enamel organ, including the stellate reticulum, stratum intermedium, and outer dental epithelium. (c-F) At the later bell stage at post-natal age P4, both PHOSPHO1 and TNAP localize to alveolar bone osteoblasts, and co-localize to newly differentiating odontoblasts and the appearance of predentin matrix. PHOSPHO1 is also present in ameloblasts throughout crown formation. (G, h) In the mouse incisor, PHOSPHO1 and TNAP localization patterns parallel those seen in the molar, with both being found in odontoblasts associated with mineralizing dentin, and in osteoblasts lining the surrounding bone. TNAP localizes more widely in the incisor to sub-odontoblast pulp and periodontal ligament. Outer dental epithelium (ODE); stellate reticulum (SR); stratum intermedium (SI); ameloblasts (Am); odontoblasts (Od); enamel (En); dentin (Den); predentin (PD); cementoblasts (Cem); periodontal ligament (PDL); alveolar bone (AB); and osteoblasts (Ob).
transmission Electron Microscopy of Abnormalities in Mantle Dentin Mineralization and Matrix Vesicles in
Phospho1 -/and Phospho1 -/-;Alpl +/-Mice TEM of normal mineralizing mantle dentin in P10 wild-type incisors revealed ultrastructural features consistent with those reported previously (shown here sequentially from less to more mineralized in Figs. 3A-3F ). MVs produced by odontoblasts were abundant in mantle dentin (Figs. 3A, 3B ), eventually mineralizing with small crystal deposits of hydroxyapatite and then rupturing, leading to small patches/foci of mineralized mantle dentin (Fig. 3C) . These foci enlarge and coalesce to extend as a wide mineralized tract throughout the extracellular matrix of the dentin (Figs. 3D-3F ).
In the mantle dentin of P10 Phospho1 -/incisors showing reduced mineralization by micro-computed tomography, TEM revealed seemingly normal dentin ultrastructure with an abundance of MVs and both small foci of mineralization and larger patches of mineralized matrix (Figs. 4A-4D ). MVs appeared to be more abundant than in normal mantle dentin, but were less frequently mineralized and with less mineral.
In the mantle dentin of P10 Phospho1 -/-; Alpl +/incisors showing an even greater reduction in dentin mineralization attributable in these mice to the additional removal of one allele of TNAP, we noted by TEM an almost complete loss of MVs in the mantle dentin ( Figs. 4E-4H ). While MVs were generally absent, there was nevertheless some degree of mineralization occurring within the matrix, appearing initially as small diffuse patches among the mantle dentin collagen fibrils (Figs. 4F, 4G) . These were distinctly different from the more sharply bordered foci/patches observed in the other genotypes; nonetheless, they contained apatitic mineral, as determined by x-ray microanalysis (Fig. 4F inset) and electron diffraction (Fig. 4G inset) . As mineralization progressed in the mantle dentin and the mineralized matrix patches became larger, while reduced, they became similar to those observed at earlier stages in the other genotypes.
DIscussIOn
Previously we have shown that PHOSPHO1 and TNAP expression overlap during chick skeletal development (Macrae et al., 2010) and that double ablation of TNAP and PHOSPHO1 functions leads to a complete absence of skeletal mineralization and embryonic lethality in the mouse (Yadav et al., 2011) . We also confirmed that PHOSPHO1 and TNAP have prominent functions in establishing an appropriate P i /PP i ratio conducive to proper matrix Figure 2 . Dentin mineralization is reduced in Phospho1 -/and Phospho1 -/-;Alpl +/mice. Radiography, histology (black von Kossa staining for mineral), and micro-computed tomography of 10-day-old mandibles. Dashed lines indicate cross-sectional planes observed by histology and micro-computed tomography at the level of the first and second molars. Compared with wild-type controls (A-F), a reduction in mineralization of root analog dentin (arrow) is observed in the incisor of Phospho1 -/mice (G-L), particularly at the level of the second molar. In Phospho1 -/-;Alpl -/mice (M-r), bone osteoidosis is apparent (asterisks), and incisor root analog dentin mineralization is reduced further, extending beyond the level of the second molar to the level of the first molar (arrows). All histology sections shown are of the incisor and the surrounding alveolar bone taken at the level of the first molar. [For quantification of incisor mineralization, see Appendix Fig. 1 .] Osteoblasts (Ob); osteoid (Os); mineralized bone (MB); alveolar bone (AB); incisor (INC); ameloblasts (Am); enamel (En); dentin (Den); predentin (PD); odontoblasts (Od); and periodontal ligament (PDL). mineralization in bone (Millán, 2013) . Consistent with these findings, we show here the coordinated and overlapping expression of TNAP and PHOSPHO1 during odontogenesis, and report on tooth dentin abnormalities in PHOSPHO1knockout mice that worsen when one allele of TNAP is additionally ablated. Since double-null Phospho1 -/-;Alpl -/mice are embryonic-lethal, we analyzed postnatal tooth development in compound knockout mice lacking only one allele for TNAP.
While the reduction in mineralization of dentin in both Phospho1-null and Phospho1 -/-;Alpl +/mice is particularly noteworthy, the most remarkable finding in our view is the nearly complete absence of MVs in the mantle dentin of the Phospho1 -/-;Alpl +/mice. These findings are in agreement with recent preliminary data reporting reduced MVs associated with reduced expression of PHOSPHO1 and TNAP in odontoblasts when the Trps1 gene is down-regulated with shRNA (Kuzynski et al., 2013) . However, the apparent lack of MVs in the mantle dentin from Phospho1 -/-;Alpl +/mice is in contrast to the apparent increased numbers of MVs devoid of mineral observed in metatarsal bone of a single Phospho1 -/-;Alpl -/stillborn pup (Yadav et al., 2011) , pointing to a potential differential response of odontoblasts and chondroblasts/osteoblasts to changes in the P i /PP i ratio. It is recognized that unambiguous identification and characterization of membrane-bound vesicular structures in dentin are especially difficult, for several reasons. First, crosssections of fine odontoblast processes are about the same size as matrix vesicles and look similar by transmission electron microscopy. Second, re-annealing of membranes may occur during biochemical isolation procedures which could reduce and/or increase the number of vesicles. Third, there are no discriminating MV markers readily detectable by ultrastructure analyses. Despite this, analysis of the present data provides clear evidence for a dentin mineralization defect linked to a loss of mantle dentin MVs in mice lacking (or having reduced) key enzymes involved in P i and PP i processing essential to bone and tooth mineralization. Indeed, the contribution of MVs to mineralization of vertebrate extracellular matrices is widely thought to be best exemplified by that seen prominently in tooth mantle dentin. Analysis of our data showing that the loss of MVs associates with reduced dentin mineralization confirms this important role for MVs in teeth, and underscores the importance of the 2 enzymes studied here (PHOSPHO1 and TNAP) to contribute to this mineralization process. Perhaps most importantly, these data point to the possibility that changes in MV biogenesis (and in turn affecting mineralization) may occur as a result of an altered extracellular P i /PP i ratio in skeletal and dental tissues regulated at least in part by these 2 enzymes. While clearly implicated by the present study in incisor dentin mineralization, it is less clear why changes in the levels of these 2 phosphatases Figure 3 . Transmission electron microscopy of mantle dentin mineralization and matrix vesicles in control wild-type mouse incisor. (A-F) Sequential electron micrographs of 10-day-old incisor dentin proceeding from less to more mineralized matrix regions. Matrix vesicles (arrows, insets) and mineralization (asterisks) first appear as isolated structures among the collagen fibrils in the mantle dentin (MD, brackets), with mineralization proceeding initially within matrix vesicles, and then progressing as a propagation/enlargement of small mineralization foci to form large, coalesced regions of mineralized matrix.
do not equally affect molar crown dentin mineralization. Differences in their expression levels, together with differences in dentin matrix composition, may account for this unexplained finding-and several published reports have documented differences in crown vs. root dentin biology (Beertsen and Niehof, 1986; Takagi et al., 1988; Kaipatur et al., 2008 )-as might Figure 4 . Transmission electron microscopy of abnormal mantle dentin mineralization and matrix vesicles in Phospho1 -/and Phospho1 -/-;Alpl +/mice. Sequential electron micrographs of 10-day-old incisor dentin proceeding from less to more mineralized matrix regions in Phospho1 -/-(A-D) and Phospho1 -/-;Alpl +/-(E-h) mice. Abundant matrix vesicles (arrows, and panel C inset) and small mineralization foci (asterisks) are present in the mantle dentin among the collagen fibrils of Phospho1 -/mice, but matrix vesicle mineralization appears to be reduced. In Phospho1 -/-;Alpl +/mice, matrix vesicles are generally absent from the mantle dentin (bracket), yet small mineralization foci can be observed (asterisks) that enlarge over time as mineralization progresses. X-ray microanalysis (inset in panel F) and electron diffraction (inset in panel G) confirm the presence of calcium and phosphorus at mineralization foci, and that the mineral phase is apatitic (having major 211 diffraction maxima), respectively.
undetermined downstream effects of continuous eruption in the incisors of rodents which maintain a different stem cell niche. It is not yet clear whether cementum is affected in the knockout mice and whether MVs are involved in its mineralization.
Integrating these findings, our unified model starts with the MVs as a site of initiation of mineralization. Hydroxyapatite crystals appear inside MVs favored by Pi accumulation resulting from a dual mechanism involving PHOSPHO1mediated intravesicular production of Pi together with transporter-mediated influx of Pi produced extravesicularly primarily by TNAP's ATPase activity or by NPP1's ATPase activity. Organophosphate compounds (ATP) and perhaps also PPi are the source of Pi for this initial step of mineralization. Subsequent extravesicular mineralization is promoted primarily by TNAP's pyrophosphatase activity, and secondarily by NPP1's pyrophosphatase activity, and is driven by the availability of Pi and the presence of a collagenous fibrillar scaffold while being guided by other matrix mineralbinding proteins (Yadav et al., 2011; Millán, 2013) .
